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Department of Chemistry, Emory University, Atlanta, GeorgiaABSTRACT To understand the effects of lipid composition on membrane protein function in a mixture as complex as a bio-
membrane, one must know whether the lipid composition local to the protein differs from the mean lipid composition. In this
study, we simulated the transmembrane domain of a b-barrel protein, OmpA, in mixtures of lipids of different tail lengths under
conditions of negative hydrophobic mismatch, i.e., local bilayer thinning. We modeled the influence of OmpA on the local lipid
composition both at a coarse-grained (CG) resolution using conventional molecular dynamics, and at an atomistic resolution
within the semi-grand canonical ensemble using mutation moves to rapidly approach an equilibrium lateral distribution of lipids.
Moderate enrichment of the shorter tail component (either DDPC in DDPC/DMPC mixtures or DMPC in DMPC/DSPC mixtures)
extending 2–3 nm away from the protein surface was observed with both the atomistic and CG models. The similarity in
trends suggests that the more computationally economical CG models capture the essential features of lipid sorting induced
by hydrophobic mismatch.INTRODUCTIONBiological membranes are complex assemblies composed of
a large variety of lipids, proteins, and other molecules. The
hydrophobic interaction between the lipid acyl tails and
hydrophobic residues on protein transmembrane domains is
an important factor in determining the structure ofmembrane
proteins and their organization within the bilayer, which
consists of a hydrophobic interior sandwiched between two
hydrophilic water interfaces. The pattern of hydrophilic and
hydrophobic surfaces exposed by a single transmembrane
segment dictates where these surfaces will reside in the
bilayer structure.When the hydrophobic length of the protein
segment is less than the hydrophobic thickness of the bilayer,
local thinning of the bilayer is expected to accommodate this
negative hydrophobic mismatch. Recent reviews (1–3)
summarize experimental and theoretical studies that exam-
ined how changes to the bilayer thickness and protein tilt,
along with other possible accommodations, allow the bilayer
and protein to act together to optimize their interactions.
In a bilayer with more than one lipid type, spatial varia-
tions in composition may result from these perturbations
(4). Experimental efforts over the last few decades have
aimed to measure the degree of enrichment of lipid compo-
nents of varying tail lengths near a protein embedded in
a mixed bilayer. This effect is clear when the bilayer lipids
themselves spontaneously demix into phases with different
compositions, and the protein partitions selectively to one
phase (5–7). Within homogeneous fluid-phase mixtures,
evidence for lipid sorting has been less clear. Using fluores-
cence resonance energy transfer, Dumas et al. (5) were
unable to distinguish any enrichment of dilauroylphosphati-Submitted November 20, 2011, and accepted for publication April 4, 2012.
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0006-3495/12/05/2279/9 $2.00dylcholine (DLPC, i.e., 12:0/12:0 PC) near bacteriorho-
dopsin in fluid-phase DLPC/distearoylphosphatidylcholine
(DSPC, i.e., 18:0/18:0 PC) mixtures, in contradiction to
predictions of MC simulations. Photo-cross-linking of a
chemically modified WALP23 helical peptide in fluid-phase
lipid mixtures under hydrophobic mismatch conditions
yielded a statistical mixture of long- and short-tailed lipid
neighbors, with no apparent enrichment of either species
(6). Caffrey and Feigenson (7) used fluorescence quenching
to derive binding constants to the Ca2þ ATPase transmem-
brane protein for a variety of PC lipids with different
tail lengths and degrees of saturation, and found a range
of 0.90–1.45 (relative to dioleoylphosphatidylcholine
(DOPC), i.e., 18:1/18:1 PC). More recently, other investiga-
tors (8–11) used a similar approach to study a variety of trans-
membrane peptides and proteins, and found relative binding
constants (also relative to DOPC) as large as 2.4 and as small
as 0.4 for lipids of varying tail length. For a review and
analysis of these and related studies, see Marsh (12).
Because of the slow lateral diffusion rate of lipids in
bilayers, molecular-dynamics (MD) simulations need to
reach the microsecond timescale to ensure that a mixture
of lipids will sample a representative equilibrium ensemble
of lateral distributions. This is readily achievable with
the use of coarse-grained (CG) models. Nielsen et al. (13)
simulated mismatch-induced sorting effects using a CG
mixed-lipid bilayer with a smooth cylinder representing
the peptide, and observed local enrichment of the shorter
lipid, better matched to the peptide, after 1 ns of MD simu-
lation. Klingelhoefer et al. (14) studied the distribution of
lipid in two component lipid bilayers containing a-helix
bundle and b-barrel peptides, using the MARTINI force
field, and found lipid sorting consistent with the effects of
hydrophobic mismatch (15).doi: 10.1016/j.bpj.2012.04.005
2280 Yin and KindtSimulations with atomistic detail are R10-fold more
computationally expensive than CG simulations, which
makes atomistic studies of lipid lateral distributions through
conventional MD simulation time-consuming. Atomistic
simulations are nonetheless important, especially because
CG models like MARTINI are typically parameterized to
match single-component bilayer properties, and thus the
realism of their performance within mixtures needs to be es-
tablished in benchmark calculations with atomistic lipid
models. To overcome the limitation of conventional MD,
we use a Monte Carlo (MC)-MD approach that allows muta-
tions between long- and short-tailed lipids by attempting
configurational bias Monte Carlo mutation moves within
the isomolar semigrand canonical ensemble. The tempera-
ture, pressure, surface tension, and total number of lipids
are fixed, whereas the lipid composition fluctuates under the
influence of a constant difference Dm between chemical
potentials of the two lipid components (16,17). In a system
containing a peptide embedded in a lipid bilayer, the distribu-
tion of different types of lipid as a function of distance from
the peptide can be monitored over a trajectory in which the
lipids undergo mutations. Because all lipids in the system
are coupled to the same virtual reservoirs of the two compo-
nents, the distribution of the two lipid types throughout the
system converges to an equilibrium lateral distribution. In
a previous study (18), this technique was applied to grami-
cidin-A (GCA) peptide in DMPC-DDPC (didecanoyl-L-a-
phosphatidylcholine, 10:0/10:0PC) andDSPC-DMPCmixed
lipid bilayers. Although local thinning and thickening effects
on the bilayer were notable in the simulations, only weak
hydrophobic sorting was evident, as the local composition
was perturbed<5%from themean.Thenoncylindrical (hour-
glass) shape of GCA may tend to confound any tendency
toward sorting associated with thickness distortions.
Here we consider hydrophobic mismatch-induced lipid
sorting around a larger b-barrel peptide, the transmembrane
domain of Escherichia coli outer membrane protein A
(OmpA) (19). The greater diameter of this peptide (relative
to GCA) tends to suppress its tilting with respect to the
bilayer normal and leads to more numerous nearest neigh-
bors, which in turn allows better statistical sampling of their
mean composition. Furthermore, a generic b-barrel protein
of similar size was used in previous CG simulations that
demonstrated lipid sorting (14). In the work presented
here, we used both CG and atomistic models to simulate
the interaction of OmpA with lipid bilayers representing
1:1 mixtures of the saturated tail lipid DMPC with analogs
with tails that were either shorter or longer by four methy-
lene groups per tail (DDPC and DSPC, respectively).METHODS
CG model simulations
We performed conventional MD simulations using the MARTINI CG force
field (15,20) and Gromacs 4 (21) with the MD integration time step set toBiophysical Journal 102(10) 2279–228725 fs at a temperature of 298 or 330 K. The elastic network model (22) was
applied to OmpA to maintain a conformation close to the experimental
x-ray crystal structure (19) over long trajectories. Periodic boundary condi-
tions were applied in three dimensions, with semi-isotropic pressure
coupling using the Berendsen barostat (23) at 1 bar at a coupling constant
of 1.0 ps and a compressibility of 1104 bar.
To construct systems for simulation, we chose three CG lipid species
(CG5, CG4, and CG3, approximating DSPC, DMPC, and DDPC) that
consist of the same PC headgroup, and three, four, and five CG fatty acyl
chain beads, respectively. For each system size, we studied five lipid envi-
ronments: pure CG5, pure CG4, pure CG3, and a 1:1 mixture of CG5-CG4
or CG4-CG3. We engineered the lipid bilayer by duplicating a pair of lipids
in a tail-to-tail configuration in the lateral direction. After inserting the
OmpA peptide into the middle of the engineered pure bilayer, we removed
the overlapping lipid pairs and obtained a square box with OmpA in the
middle. We added CG water by using the Gromacs genbox tool. We
prepared three systems of different sizes, each with 1 OmpA but varying
amounts of lipid: 558 lipids with 11,581 CG water, 200 lipids with 1500
CG water, and 128 lipids with 1500 CG water. We obtained a mixed system
from the pure system by randomly changing half of CG5 to CG4 for the
CG5-CG4mixture (or CG4 to CG3 for the CG4-CG3mixture) on each lipid
monolayer. After a brief initial equilibration to eliminate the vacancies
associated with the particle removal, we performed 2000 ns of conventional
MD simulation for each system.Atomistic (united-atom) model simulations
Starting configurations for atomistic simulations of OmpA-containing
bilayers were obtained from CG structures with the use of a reverse CG
procedure. Five CG systems containing 128 lipids (all CG5, 1:1
CG5:CG4, all CG4, 1:1 CG4:CG3, and all CG3) plus one OmpA peptide
were prepared and equilibrated as described above for 1000 ns. Atomistic
model coordinates were generated from the final CG coordinates using
the package developed by Rzepiela et al. (24). In the transformation, a
one-to-many particle map was generated for each molecule type. In the
configuration presented here, the DDPC, DMPC, and DSPC lipids, which
have 10, 14, and 18 carbons per acyl tail, respectively, are modeled by
CG3, CG4, and CG5, respectively.
In the atomistic simulations, we used a combination of the protein
OPLS-AA (all-atom) force field (25) with the united-atom (UA) lipid force
field of Berger et al. (26) and the TIP3P model (27) of water, as suggested
by Tieleman et al. (28). We used a Langevin thermostat (29) with a time
constant of 0.1 ps to maintain a constant temperature of 330 K in all simu-
lations. A Berendsen barostat (23) was used for semi-isotropic pressure
scaling (at 1 bar pressure, zero surface tension, and time constant of
1.0 ps at assumed compressibility 4.5  105 bar1), and the particle-
mesh Ewald method was used for electrostatic forces calculated during
the MD step (30). A time step of 2 fs was used, and the SETTLE (31)
and LINCS (32) algorithms were used to constrain all bonds to fixed
lengths. We performed 60 ns of conventional MD simulation for each of
the five reverse-CG starting structures, and the final 20 ns of the pure
systems were used for comparison with the mixtures.Mixed MC-MD simulations
We performed MC-MD simulations using GIMLi 1.0, a customized version
of Gromacs 3.3, to study the two-component lipid bilayer with embedded
peptide. As detailed elsewhere (16,17), we used a constant ratio of thermo-
dynamic activities of the two lipid components to control the composition
of lipids. The activity ratio a can be represented in terms of the chemical
potential difference as a ¼ exp(Dm/kBT), where Dm ¼ mDSPC  mDMPC
(or mDMPC  mDDPC). We chose values of a that in previous studies (18)
were shown to yield nearly 1:1 mixtures of the two components in a
protein-free system. During MC-MD simulations, after every MD time
Simulations of Lipid Sorting by OmpA 2281step, we randomly chose a lipid and subjected it to a mutation move attempt
(shortening its tail if it was a long-tailed lipid, and extending it if it was
a short-tailed lipid) using the configuration-bias algorithm (33). The
mean success rate was ~0.25%, or one lipid mutation event in the system
every 0.8 ps; on average, each lipid underwent one mutation per 100 ps.Analysis
In both the CG and atomistic models, bilayer thickness and lipid distribu-
tion were measured as a function of distance from the center of mass of
the peptide. To analyze these quantities, we used the NC3 site for CG simu-
lations and the phosphorus atom for the UA simulations. The radius interval
was 0.1 nm. Counts of particles and average position were summed over
each interval and all time frames, divided by the number of frames, and
normalized. Thickness is defined as the difference in the mean z coordinate
of reference particles in the upper and lower leaflets falling in the same
radial bin. Lipid composition was evaluated as the mean number of lipid
reference sites of each type (summed over both leaflets) in each radial
bin divided by the bin area, which was then converted into a mole % of
the longer-tail component.
We analyzed the protein structure root mean-square deviation (RMSD)
over MD trajectories relative to the crystal structure using the trajectory
tool of VMD (34). Comparisons were made either between the entire set
of backbone sites or between Ca carbons of the following subset of 90 resi-
dues that occupy a 2.8-nm range along the barrel axis, excluding the loops
on the membrane exterior side: 7–12, 14–17, 36–47, 50–59, 76–82, 85–87,


















229 CG4 / 229 CG3RESULTS AND DISCUSSION
CG model simulations
The introduction of OmpA into lipid bilayers over a range of
thicknesses from ~12 to ~20 carbons per chain, as simulated
with a CG model, produces thinning of the bilayer by up to
1 nm near the peptide, as shown in Fig. 1. The degree of
thinning and the area extent of the region thinned are1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
























FIGURE 1 Lipid bilayer thickness in CGn simulations at 298 K (where n
denotes the number of CG particles in the lipid tails, calculated as described
in Materials and Methods). From top to bottom, curves represent CG5, 1:1
CG5:CG4, CG4, 1:1 CG4:CG3, and CG3 systems. Solid curves represent
larger systems (558 lipids), dashed curves represent smaller systems
(200 lipids), and solid symbols represent the smallest systems (128 lipids).expected to be governed by the area compressibility and
curvature moduli of the bilayer (35), which have been
shown to have reasonable values within the MARTINI force
field (20,36). The bilayer thickness, starting at the b-barrel
external edge at 1.5 nm, monotonically increases with
distance until 3–4 nm and then levels off. The thickness at
short range increases with the bilayer tail length, consistent
with the calculations of Marsh (12), indicating that the
thickness accommodation falls short of reaching perfect
matching at contact. In the case of the pure CG3 bilayer,
the thickness reaches a maximum at a distance of 3.0 nm
and drops very gradually beyond that. Such a nonmonotonic
thickness profile was previously explained in terms of
monolayer spontaneous curvature effects (37).
Fig. 2 shows the radial distribution of lipids of the
mixtures. A clear lipid sorting effect was observed for
both mixtures at all system sizes, indicating that in each
case the lipid with greater hydrophobic mismatch (i.e., the
longer one) is depleted near the OmpA peptide. The effect
is similar in magnitude to previously reported lipid sorting
in CG simulations of an idealized a-helical bundle (14).
The radius of the depleted region extends to 4.5 nm away
from the center of the peptide, well beyond the first layer1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
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FIGURE 2 Lipid composition (% long-tailed lipid) versus lateral
distance from OmpA in CG simulations of 1:1 lipid mixtures (at 298 K
except where otherwise specified) determined as described in Materials
and Methods. Upper panel: Mixtures of CG3 and CG4 CG lipids. Lower
panel: Mixtures of CG4 and CG5 CG lipids.
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2282 Yin and Kindtof lipids. Because the system dimensions are comparable or
lower than the depletion range, the percentage of long-tailed
lipid immediately near the peptide is dependent on the lipid/
peptide ratio between 128 and 500 lipids at fixed total lipid
composition. This result stands in contrast to the experi-
mental determination by Powl et al. (11) that the apparent
relative binding coefficient of lipids of varying tail lengths
to the helical bundle MscL does not depend on a lipid/
peptide ratio above 50:1 up to 500:1. This discrepancy
may be due to factors specific to the particular protein, or
to shortcomings of the MARTINI force field. More likely,
differences between the lateral distribution of peptides in
the simulation (evenly spaced in a square lattice) and exper-
iment (where peptides may cluster together) may account
for this difference. Aggregation into clusters of proteins
separated by one or two lipid neighbors would shield most
boundary lipids from effects of the bulk. Attractions medi-
ated by hydrophobic mismatch effects have been predicted
theoretically (12,38) and observed in experiments (39).
Protein clusters arising from these forces were observed in
recent CG model simulations (40,41), even at a lipid/peptide
ratio > 400:1 (41).
A stronger bilayer thickness perturbation was noted for
the CG4-CG5 mixture than for the CG3-CG4 mixture;
however, the degree of sorting in the two mixtures is very
similar. This similarity is consistent with the linear depen-
dence of the free-energy penalty with hydrophobic
mismatch found experimentally (12), but in contrast to the
quadratic dependence predicted based purely on membrane
elasticity (42).UA simulations
Given the widespread interest in using CG models for lipid
simulations, it is useful to make a direct comparison
between the CG model and atomistic model descriptions
of lipid mixing and demixing. We first generated starting
structures for the atomistic simulations, containing pure
lipids or 50:50 mixtures, from CG model configurations as
described in Materials and Methods, and then equilibratedBiophysical Journal 102(10) 2279–2287them using conventional MD for 60 ns. Fig. 3 shows the
snapshots of the simulated b-barrel peptide and the peptide
embedded in a DMPC-DSPC lipid bilayer. As with the CG
model, plots of bilayer thickness versus distance from the
peptide show a local thinning effect as expected for a nega-
tive hydrophobic mismatch, evident in Fig. 4. The trajectory
initiated with a 50:50 DDPC/DMPC mixture is an exception
to this trend. Inspection of the structure in this case shows
that an undulation of the bilayer obscures local thinning,
because the projected thickness associated with a locally
tilted bilayer is greater than the actual thickness.
We used the MC-MDmethod to sample lipid distributions
efficiently in both lipid mixtures. To test the sensitivity of
the results on initial conditions, we performed three simula-
tions in each case: two with initial compositions of 100% of
one lipid or the other, and one starting with a 1:1 mixture.
Because both lipid mutations and lipid/protein rearrange-
ments require sufficient time to reach a new equilibrium,
we reserved the first 20 ns of MC-MD for equilibration,
and analyzed lateral distributions over the subsequent 40 ns.
MC-MD simulation trajectories of both lipid mixtures
without peptide, lasting 40 ns, were performed at activity
ratios that match the peptide-containing runs. The mean
composition obtained in these control simulations is a useful
reference point. Control systems represent regions of bilayer
that are removed from the influence of any peptides but are
able to exchange lipids with the peptide-containing bilayers
through their common coupling to ideal reservoirs with the
same lipid activity ratio. If the presence of the peptide has
a more favorable free-energy effect on one lipid than on
the other (i.e., increases its chemical potential by a lower
amount, or decreases it by a greater amount), then the
mole fraction of that lipid in the peptide-containing system
must exceed its mole fraction in the control system for the
two systems to satisfy the constraint of equal Dm dictated
by the ensemble. The mean lipid compositions obtained
for all MC-MD runs are given Table 1. In two of the three
DMPC-DDPC/OmpA systems, the percentage of the
longer-tailed lipid (DMPC) is below the range of uncer-
tainties of the controls, indicating that the peptide has aFIGURE 3 Structure of OmpA in crystal state
(left) and embedded in a mixed DMPC-DSPC
bilayer from atomistic MC-MD simulation, trajec-
tory P-MS2. Ca carbons used to define the core of
the barrel are shown as spheres in both cases.
Bilayer-embedded peptide is shown with lipids as
lines, with small spheres marking the P atom site
(DSPC in black, DMPC in gray). Lipids are cut
away to reveal peptide, and solvent is omitted.
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FIGURE 4 Bilayer thickness as a function of
lateral distance from OmpA peptide from UA
simulation, calculated as described in Materials
and Methods. The left panel shows the thickness
averaged over final 40 ns of MD equilibration
period for single-component systems and 1:1
mixtures; solid curves represent systems contain-
ing OmpA, and dashed horizontal lines represent
the average thickness of control, peptide-free bila-
yers. The right panel shows the thickness averaged
over final 40 ns of MC-MD simulation for DMPC/
DSPC mixtures (upper group) and DDPC/DMPC
mixtures (lower group). Solid curves: P-MS1 and
P-DM1 (starting compositions all shorter-tailed
lipids); dashed curves: P-MS2 and P-DM2 (starting
compositions all longer-tailed lipids); and dot-
dashed curves: P-MS3 and P-DM3 (starting
compositions 50/50 mixtures). Horizontal dashed
lines in each case give the mean thickness of the
peptide-free bilayer at the same activity ratio.
Simulations of Lipid Sorting by OmpA 2283greater affinity for the shorter-tailed component (as ex-
pected given the local thinning). In the system initiated
with a 50/50 mixture of the two lipids, where on average
no thinning effect was seen, the presence of the peptide
leaves the overall composition unaltered. In the DSPC-
DMPCmixture, the average DSPC percentage of the control
systems is 48.7%. With embedded OmpA peptide, the
DMPC percentage varies from 46.4% to 48.7%, which is
0–2.3% lower than the control runs. From these limited
samples, we estimate that OmpA will recruit on average
an excess of 2.5 DDPC in a 1:1 DMPC/DDPC mixture, or
1.8 DMPC molecules in a 1:1 DSPC/DMPC mixture.
The percent uncertainties in equilibrium composition
given in Table 1 were calculated from the total number
of successful mutations in each trajectory as described
previously (43), based on the assumption of uncorrelated,
stochastic, uniform mutation rates for all lipids. Agreement
in composition among control trajectories with different
initial compositions was consistent with these estimates.
In contrast, variability in composition among the peptide-
containing systems exceeded these uncertainty ranges. The
likely explanation is that specific peptide conformations
lead to different microenvironments for the lipids to explore,
and that transitions among these different protein structuresTABLE 1 MC-MD trajectory conditions and mean lipid composition
Code Initial composition System
C-DM1 all DDPC DD/DM
C-DM2 all DMPC DD/DM
P-DM1 all DDPC DD/DM, Omp
P-DM2 all DMPC DD/DM, Omp
P-DM3 1:1 DMPC/DDPC DD/DM, Omp
C-MS1 all DMPC DM/DS
C-MS2 all DSPC DM/DS
P-MS1 all DMPC DM/DS, Omp
P-MS2 all DSPC DM/DS, Omp
P-MS3 1:1 DSPC/DMPC DM/DS, Ompare slow on the 40-ns simulation timescale. In fact, qualita-
tive differences among peptide conformations are readily
apparent from simulation snapshots, as shown in Fig. 5.
The peptide retained a cylindrical structure in all cases,
but the barrel radius and dimension and the order of the
b-sheet structure departed from the x-ray crystal structure
and varied among trajectories. Loop conformations showed
even greater variability. RMSDs from the crystal structure,
averaged over the last 20 ns of MC-MD simulation, are
given in Table 2 for both the entire peptide backbone and
for a subset of 90 Ca carbons that form the core of the
b-barrel. This variability in protein structure was present
during the MD equilibration period and is not an artifact
of the MC-MD method. In two cases (P-DM1 and
P-MS3), the barrel expanded to the point that it accommo-
dated a column of water several molecules thick, allowing
ready diffusion across the bilayer. A further variation
occurred in the DMPC/DDPC simulation initiated with
100% DMPC, which (4 ns after the start of MC-MD simu-
lations) developed a lipidic water pore, with dynamic
involvement of three to four lipid headgroups, outside of
the barrel. Our simulations were performed at 330 K, unlike
previous simulation studies on OmpA conducted at 310 K
(44), where the protein retained more order and did nots obtained
Activity ratio Long-tailed lipids %
4.00104 51.45 0.2
4.00104 51.05 0.2
A 4.00104 48.55 0.2
A 4.00104 48.45 0.2
A 4.00104 50.95 0.2
3.87104 48.65 0.2
3.87104 48.95 0.2
A 3.87104 46.45 0.2
A 3.87104 48.75 0.2
A 3.87104 47.05 0.2
Biophysical Journal 102(10) 2279–2287
FIGURE 5 Final structures of OmpA-containing
mixed-lipid bilayers. Only the phosphorus site is
shown for the lipids (white, DDPC; gray, DMPC;
black, DSPC) to expose the protein and solvent
structure. Trajectory labels follow definitions in
Table 1.
2284 Yin and Kindtspontaneously undergo a transition to a solvent-filled pore.
The lack of consensus in protein structure among the
different trajectories makes it difficult to glean definitive
insights into OmpA’s biological function as a porin (45)
because we cannot assess the stability of these structures
beyond the 60-ns timescale. The variability of OmpA
structure in these simulations may be related to the tendency
(inferred from folding experiments) for bilayers thinner
than DMPC to produce partially misfolded (but bilayer-
embedded) intermediates (46), or to the observation that
distinct, long-lived states of OmpA exhibit markedly
different conductivities (47). We note, however, that some
authors have attributed transitions between high- and low-
conductivity states of OmpA to the involvement of an extra-
cellular domain that is not included in our model (48).
Despite the structural variations of the OmpA peptide in
the different trajectories, with one exception (noted above)
they show similar local thinning effects (Fig. 4), and the
correlation between local thinning and local enrichment of
the shorter-tailed lipid can still be addressed. The local
thickness increases from 3.2 nm at 1.5 nm distance to
4.1 nm at 4.5 nm distance in the DMPC/DSPC mixture.
This thickness increase of 0.9 nm is roughly twice whatTABLE 2 RMSDdifference between simulatedOmpA conformations
Pautsch and Schulz (19), calculated using the trajectory analysis to
Trajectory Description
P-DM1 DDPC/DMPC, from 100% DDPC
P-DM2 DDPC/DMPC, from 100% DMPC
P-DM3 DDPC/DMPC, from 50/50 mixture
P-MS1 DMPC/DSPC, from 100% DMPC
P-MS2 DMPC/DSPC, from 100% DSPC
P-MS3 DMPC/DSPC, from 50/50 mixture
Barrel-core values only include a set of 90 Ca sites that remained embedded in
values include backbone sites on all residues including loops.
Biophysical Journal 102(10) 2279–2287was seen for the same mixture containing embedded GCA
(18). In two of the three DDPC/DMPC mixture trajectories,
the thickness increased from 2.6 nm to 3.2 nm over the same
3-nm distance range. The trajectory that initiated as a 50/50
mixture showed no local thinning and continued the anom-
alous behavior it showed during the MD equilibration
period. The radial distributions of lipid types as a function
of distance from the center of OmpA peptide for both
mixtures are shown in Fig. 6. CG system compositions
(from Fig. 2) are also included for reference. For DMPC/
DDPC mixtures in the range of 2.5–4.5 nm away from the
peptide, there is qualitative agreement among the three
atomistic simulation trajectories and the CG model trajec-
tory: all show modest increases in the fraction of the
longer-tailed component with increasing distance from the
peptide. Closer to the peptide, the compositions observed
in different trajectories diverge as a result of both statistical
noise (due to the smaller total number of lipids per unit
distance) and variability in protein conformation. The
trajectory that initiated with 100% DDPC gave results
similar to those obtained in the CG model systems, with
modest local depletion of the longer-tailed lipid near the
peptide. The trajectory starting from 100% DMPC, in whichin MC-MD trajectories and the experimental crystal structure of
ol of VMD (34)
RMSD, A˚ (all backbone) RMSD, A˚ (barrel core)
8.95 0.3 4.65 0.2
6.25 0.1 3.25 0.1
6.85 0.1 3.95 0.1
6.15 0.2 3.25 0.1
4.75 0.1 3.05 0.1
7.95 0.4 4.45 0.4
the bilayer over all simulations (see Materials and Methods). All-backbone
1.5 2.0 2.5 3.0 3.5 4.0 4.5
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FIGURE 6 Lipid radial distribution from
MC-MD simulations for DDPC-DMPC (left) and
DMPC-DSPC (right) mixtures. The three trajecto-
ries are indicated by symbols as described in the
figure. Horizontal lines give the average composi-
tion from control (peptide-free) MC-MD simula-
tions. Gray curves represent the corresponding
CG mixtures containing 128 lipids at 330 K (dupli-
cate of data from Fig. 2).
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FIGURE 7 Average C-H bond order parameter profile for DDPC/DMPC
mixtures (left panel) and DMPC/DSPC mixtures (right panel). Symbols
represent systems containing OmpA: circles, trajectories initiated with
100% short-tailed lipid; squares, initiated with 100% longer-tailed lipid;
triangles, initiated with 50/50 mixture. Open symbols indicate shorter-tailed
lipid. Solid and dotted lines represent longer- and shorter-tailed lipids,
respectively, in control (no-peptide, mixed-lipid) simulations.
Simulations of Lipid Sorting by OmpA 2285a lipidic pore opens up, shows even greater depletion of the
longer-tailed lipid near the peptide. In this case, it is difficult
to disentangle the effect of the pore from the effect of the
peptide. The trajectory that started with a 50:50 mixture,
in which there was a pronounced undulation in the bilayer
near the peptide and no local thinning, showed no local
depletion of DMPC.
DSPC/DMPC mixtures, where the stronger local thinning
trend might be expected to correlate with more pronounced
lipid sorting, showed a trend with a weaker slope than either
the DMPC/DDPC mixtures or the CG simulations in two of
three trajectories. The trajectory that initiated with 100%
DSPC did not show any consistent trend in composition
versus distance from the peptide.
Given that the structure of OmpA is not symmetric about
the barrel axis, it is possible that the local composition can
vary axially as well as radially with respect to the protein
position; composition variations could be determined by
consistent interactions with specific residues on the surface,
or by thickness differences around the protein surface as
observed in a larger b-barrel system (49). Two-dimensional
distributions of excess density of short-tailed lipid, averaged
over the production period, are shown in Fig. S1 of the Sup-
porting Material, with gray pixels representing the position
distribution of the Arg-169 Ca site chosen as a reference
point. These plots are complementary to Fig. 6. Clearly,
they show angle-resolved composition. Additionally, by
giving an absolute excess concentration rather than a local
percentage, they avoid exaggerating small random fluctua-
tions in regions where lipid density is very low. There is
no particular conserved pattern to the composition as a func-
tion of direction around the pore with respect to the Arg-169
reference point. Nonetheless, the immediate neighborhood
of the protein is marked by the greatest magnitude compo-
sition fluctuation in both directions. The existence of these
hot spots points to poorer sampling of lipids near the
protein, due to the stronger conformational constraints
imposed by interactions with the protein compared with
other lipids.
Perturbation to the membrane from hydrophobic mis-
match is expected to influence tail ordering. The mean abso-
lute order parameters, jSCDj ¼ j(3<cos2q>1)/2j (where qis the angle between the C-H bond and the bilayer normal,
inferred from the acyl backbone geometry in this UAmodel)
along the lipid tails for all mixtures are shown in Fig. 7. The
influence of the protein on order parameter is consistent
with expectations based on the thickness profiles of Fig. 4.
Bilayer thinning in the DDPC/DMPC system is associated
with lowering of the order parameters. The one system
that displays a water pore external to the protein (open
squares) shows significantly lower DDPC order than the
two other trajectories at the same composition, highlighting
the importance of DDPC in creating and stabilizing that
defect. As shown in Fig. 4, thinning of the DMPC/DSPC
systems near the peptide is counterbalanced by a thickening
at distances > 2.5 nm. Because the latter region represents
a majority of the lipid area of the system, a net average
thickening effect from OmpA is accompanied by a weak
increase in tail order. This result highlights a potential pitfall
in relying on the tail order parameter (or other averagedBiophysical Journal 102(10) 2279–2287
2286 Yin and Kindtindicators of bilayer thickness) to assess lipid response to
hydrophobic mismatch: an intermediate range thickening
can overcome a thinning effect immediately adjacent to a
protein.CONCLUSIONS
In this work, we simulated the OmpA transmembrane
domain b-barrel peptide in lipid bilayers using atomistic
and CG models. The CG model with three, four, or five
particles (CG3, CG4, and CG5, respectively) shows a strong
system size dependence on hydrophobic sorting at fixed
lipid composition, indicating that a lipid/peptide ratio of at
least 500 is needed to converge to a low-concentration limit.
The hydrophobic length of the peptide is slightly smaller
than that of the shortest CG3 lipid, and the strength of the
negative hydrophobic mismatch increases as the lipid thick-
ness increases. Lipid sorting follows the predicted trend,
with consistent moderate enrichment of shorter-tailed lipids
near the peptide. A notable dependence of the degree of
lipid sorting on system size is evident, with the local compo-
sition deviating from the bulk composition to an increasing
degree as the ratio increases from 128:1 to 500:1. This trend,
and the gradual change in composition over several layers of
lipids surrounding the protein shown in Fig. 2, contrast with
the findings of Powl et al. (11) and with their conclusion that
composition is only perturbed among the immediate
annulus of lipids neighboring the helix-bundle protein
MscL. Although this discrepancy may point to shortcom-
ings of the simulation model or to a high level of system
specificity in lipid sorting response to hydrophobic mis-
match, a more interesting interpretation is that the proteins
observed experimentally cluster closely together with their
lipid annuli touching or overlapping, as observed in recent
CG simulations of membrane proteins under negative
hydrophobic mismatch conditions (40,41).
In atomistic model simulations, the OmpA peptide was
studied in both DMPC-DDPC and DSPC-DMPC lipid
bilayers, corresponding to CG4-CG3 and CG5-CG4 lipid
bilayers in MARTINI. In the three trajectories performed
for each lipid mixture, sensitivity to initial conditions was
evident. At both lipid compositions, one of three trajectories
produced a b-barrel filled with solvent, and in another
DMPC-DDPC run, a pore appeared in the bilayer adjacent
to the peptide. Local thinning was observed in five of six
trajectories, and weak lipid sorting effects (similar in magni-
tude to the CG model results) were seen in four of those
five cases. We conclude that CG and atomistic models (in
particular, the MARTINI force field and the Berger UA
force fields) capture the same interplay of packing, elas-
ticity, and entropic effects that lead to weak lipid sorting
according to tail length under negative hydrophobic
mismatch conditions, with the range of composition varia-
tions extending >2 nm from the surface of the peptide.
Finally, the influence of the peptide on the lipid tail orderBiophysical Journal 102(10) 2279–2287parameters yielded some counterintuitive results, i.e., local
thinning of the bilayer was associated with an increase in
tail order. These cases can be explained by considering
the full thickness profile of the system: ordering associated
with bilayer thickening at intermediate distances from the
peptide may counterbalance disordering at short distances.SUPPORTING MATERIAL
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